Human choriogonadotropin (hCG) is a highly complex glycoprotein consisting of two non-covalently associated subunits. We aimed for the expression of a single-chain hCG in the soil amoebae Dictyostelium discoideum, a host which, in principle, provides simple genetics in combination with complex protein synthesis. To limit anticipated problems in mRNA translation, the first 30 bases of the coding sequence were altered to conform to the Dictyostelium preferred codon usage. We show that, immunologically, active single-chain hCG is indeed produced by Dictyostelium. Furthermore, this single-chain hCG is able to bind to the human luteinizing hormone/CG receptor and elicit a biological response. Its receptorbinding affinity is comparable to single-chain hCG produced by mammalian cells. We conclude that Dictyostelium is able to express bioactive highly complex heterologous glycoproteins.
The placental human choriogonadotropin (hCG) is involved in the maintenance of pregnancy in the early stages after conception and has important therapeutic applications. This gonadotropin belongs to the family of glycoprotein hormones, which also include follitropin, lutropin and thyrotropin. These hormones are heterodimeric proteins of around 30 kDa formed by a non-covalent association of a common A subunit and a hormone-specific β subunit. Both the A and β subunits of hCG contain two Nlinked oligosaccharide side chains that have an important impact on its conformation and biological activity. A unique feature of the hCG β-subunit is the carboxy-terminal peptide (CTP) which bears four serine-linked oligosaccharides. The major role of the glycosylated CTP seems to be the prolongation of the circulatory half-life of hCG [1] .
The biosynthesis of the glycoprotein hormones is a highly complex process. In the last decade, it has become clear that folding, assembly and secretion of gonadotropins is assisted by a large set of chaperones and folding enzymes, residing in the endoplasmic reticulum and the Golgi apparatus [2] . Since both the A and the β subunits contain a so-called cystine knot, it can be anticipated that protein disulphide isomerase plays a key role in the facilitation of the folding process [3] . In addition, it has been shown that the N-linked oligosaccharide side chains are required for proper folding, disulphide formation and secretion of hCG [4] .
The gonadotropins have been expressed in Chinese Hamster Ovary (CHO) cells, and their recombinant derivatives have bio-logical activities comparable to that of the native hormones [5] . This indicates that these host cells contain all chaperones and folding enzymes necessary to assemble the A and β subunits of hCG and to perform all post-translational modifications necessary for full biological activity. Furthermore, the use of CHO cells in combination with site-directed mutagenesis has proven to be a valuable tool for elucidating functional determinants in the glycoprotein hormones [6] and for designing potential new therapeutic analogs of these hormones [7] .
A major problem in structure/function analyses of gonadotropins is the fact that the elucidation of functional determinants of the heterodimeric glycoprotein hormones is often hampered by unwanted secondary effects of mutations on the assembly of the subunits. To overcome this problem, we and others have produced mutants in which the coding regions of the hCG β subunit and the common A subunit are connected via peptide spacers [8] or intersubunit disulphide bonds [9] . It has been shown that these covalently linked A and β subunits of hCG are able to fold into biologically active conformations.
Unfortunately, the use of mammalian cells such as CHO cells for the expression of human gonadotropins suffers from some serious limitations. Thus, it is not possible to generate the high number of transformants necessary for studies that involve random mutagenesis of protein domains. Random mutagenesis of selected domains in proteins has been shown to be a valuable tool for identifying the structural determinants for receptor binding and bioactivity [10] . In addition, the use of CHO cells is expensive and labour intensive. Thus, there is a need for the expression of hCG in a more robust expression host.
The soil amoebae Dictyostelium discoideum is an organism that, in principle, provides an attractive alternative for heterologous expression of the human glycoprotein hormones [11, 12] . While it can be grown and transformed with the same ease as the yeast Saccharomyces, it has some of the complex features Table 1. that resemble mammalian cells, such as glycosylation and chemotaxis. A number of heterologous proteins have been successfully expressed in Dictyostelium, such as the human muscarinic receptor [13] , the rat GLUT 1 glucose transporter [14] and human antithrombin III, which could be recovered from growth medium [15] . Furthermore, it has recently been shown that Dictyostelium provides a useful system for random mutagenesis approaches [16] .
The objective of the current study was to find out if Dictyostelium is capable of producing the highly complex glycoprotein hormones. We will show that a single-chain choriogonadotropin can, indeed, be expressed in Dictyostelium. The bioactivity of this gonadotropin is evaluated and compared with the corresponding single-chain mutant and native hCG produced in CHO cells.
MATERIALS AND METHODS
Plasmids and DNA cloning. MB12n is an 8.25-kb extrachromosomally maintained Dictyostelium plasmid, containing an unique restriction site between a promoter and terminator. MB12n consists of 2.9 kb (a ClaIϪHincII partial-digest fragment) from p155d1 [17] containing the Dictyostelium origin of replication and two Dictyostelium genes required for replication (G4/D5 and G5/D6), 2.95 kb from pBluescript (Strategene) for propagation in Escherichia coli, 1.35 kb containing the blasticidine-resistance gene between the Dictyostelium Actine 15 promoter and the Dictyostelium Actin 8 terminator (from pBsr2, [18] ), and a 1.05-kb cloning cassette containing the Dictyostelium Actin 15 promoter, a unique BglII restriction site and the Dictyostelium 2H3 terminator (from BS18.2H3, [19] ). The BglII site in the blasticidine-resistance gene has been removed by mutagenesis. (Fig. 1 A) Plasmid MB12n/PsA contains a linker sequence encoding the 19-amino-acid PsA leader peptide [20, 21] cloned in the unique BglII site. The resulting plasmid has an unique NdeI site in the 3′ part of the PsA sequence and an unique BglII site 5′ of the 2H3 terminator, to facilitate 'in-frame' directional cloning. The BglII site adjacent to the Dictyostelium Actin15 promoter was eliminated during cloning (see Table 1 ).
Using primers b20aarev and alphater ( Table 1 ) a single-chain hCG was amplified by PCR from a plasmid containing hCG mutant 1 [β-(1Ϫ111)-(Ser-Gly) 5 -A(1Ϫ92), [8] ]. The resulting fragment was cloned in MB12n after digestion with BglII. Primer b20aarev is designed to optimise the first 10 amino acids of the β chain for codon usage in Dictyostelium. The same template was amplified with primers bmature (Table 1 ) and alphater to produce a product that, after digestion with NdeI and BglII, was cloned into MB12n/PsA. The resulting plasmids were labelled JSV158 and JV10PSA, respectively ( Fig. 1 B and C) . PCR was performed with the Expand High Fidelity (Boehringer Mannheim) system, using the following cycle parameters : denaturation for 3 min at 94°C, then 25 cycles with 30 s at 94°C, Table 1 . DNA sequences for oligonucleotides and PsA linker. The PsA sequence also shows the peptide sequence of the PsA leader, as well as the unique restriction sites (underlined) for BglII and NdeI.
Oligonucleotide
Sequence:
gcagatctat ggagatgttc caaggtctcc tccttttatt actcctcagc atgggtggta catgggcatc caag alphater ccagatctaa acatttaaga tttgtg bmature gctatcgaca tatgcaaatg catccaagga gccgcttcg 30 s at 37°C and 60 s at 72°C. PCR products were separated by gel electrophoresis, excised and purified with Qiaex II (Qiagen) before restriction digestion and cloning. All DNA sequences were analysed and confirmed by dideoxy sequencing. Transformation of Dictyostelium. Dictyostelium strain AX3 was grown to a density of 2ϫ10 6 cells/ml in axenic medium before electroporation. The electroporation conditions were basically as described [22] , using 1 µg plasmid DNA for electroporation of 10 7 cells. After electroporation, the cells from one cuvette were seeded in a 10-cm plate. 12 hours after electroporation, blasticidine was added to a final concentration of 5 µg/ml. 24 hours after electroporation the medium, containing dead cells, was aspirated, the cells were resuspended by pipetting in medium with blasticidine, and the cells were distributed over 24 wells in a 96-well microtiter plate. The 24 wells were each serially diluted 10-, 100-and 1000-fold. The medium containing blasticidine was replaced every 3 days. Positive wells were identified 5Ϫ9 days after seeding, and the transformation efficiency was estimated from the dilution series. Typically, we obtained between 1ϫ10 4 and 6ϫ10 4 colonies/µg DNA. Single wells were then selected for further experiments. A single well contains 200 µl medium, sufficient for a DELFIA ® hLH assay. Larger amounts of media for purification were harvested from large (22 cmϫ22 cm) culture plates.
Human choriogonadotropin immunoassay. Single-chain choriogonadotropin was quantified by the DELFIA ® hLH assay which has a 100 % cross-reactivity with hCG. The assay is based on the direct sandwich technique, in which monoclonal antibodies directed against a specific antigenic site on the β subunit are immobilised. After binding of intact (single-chain) hCG to the solid phase antibody, europium-labelled antibodies directed against a specific antigenic site on the A subunit are bound and quantified. The assay is performed as described by the manufacturer (Wallac Oy).
Bioassays. Receptor-binding activity and in vitro bioactivity was determined on the human LH/CG receptor as expressed in a stably transfected CHO cell line. The cDNA fragment encoding the human LH/CG receptor was obtained from Dr A. J. W. Hsueh [23] . The receptor-binding activity of purified singlechain hCG was quantified with a radioligand receptor displacement assay on membrane fractions isolated from exponentially growing cells. In a total volume of 0.5 ml buffer (final composition 10 mM Tris/HCl, 5 mM MgCl 2, 0.1% bovine serum albumin, pH 7.4) a fixed amount of membrane protein was incubated with 125 I-hCG (20 000 cpm, approximately 12 pM) and increasing amounts of competitor protein for 18 hours at ambient temperature.
125 I-labelled hCG (NEX-106) was obtained from Du Pont de Nemours. Specific binding was 10Ϫ12% of the total radioactivity added. After incubation, bound and free hormone were separated by centrifugation. Highly purified, recombinant gonadotropins were used as standards.
In vitro bioactivity was determined by incubating cells for 4 hours with increasing concentrations of hormone in the presence of 0.1 mM 3-isobutyl-1-methylxanthin. The extracellular cAMP was determined by RIA (Immunotech).
Purification of mutant gonadotropins. Purification of hCG from Dictyostelium was performed with the aid of a programmable FPLC system (Pharmacia) using the control and chromatography supervision system UNICORN (Pharmacia). Purification of single-chain hCG was accomplished using a combination of hydrophobic interaction and immuno chromatography with LH/CG β subunit-specific monoclonal antibodies (optimised protocol for hCG produced by CHO cells, see [9] ). For this purpose, 150 ml medium were produced with a single-chain hCG content of 0.372 unit/ml as determined by DELFIA ® . Using this medium, approximately 3 units purified single-chain hCG (Ϸ5% yield) were obtained. All procedures were carried out at 4°C.
RESULTS
Design of the expression constructs. Several approaches were considered for expression of choriogonadotropin in Dictyostelium. Firstly, we opted for the expression of a single-chain hCG, since this eliminates the need for simultaneous expression of the A and the β subunits. A mutant consisting of an intact A subunit connected via a peptide decamer containing five Ser-Gly repeats to the β chain only lacking its C-terminal peptide, was selected for expression in Dictyostelium [8] .
Two constructs were generated, which differ in their leader sequences. The first contains the natural leader sequence of the β subunit of hCG. To limit possible problems in mRNA translation due to the presence of a considerable amount (about 40% in the β subunit of hCG) of infrequently used codons [24] , we altered the first 30 bases of the coding sequence to conform to the Dictyostelium preferred codon usage. For the construction of the second construct, we considered that the proteins involved in the secretion route of mammalian cells, via the endoplasmic reticulum and Golgi, may not be conserved between different species. To facilitate transport in Dictyostelium, the leader peptide of the human β subunit was exchanged with a leader peptide of a Dictyostelium glycoprotein, Prespore protein A (PsA), which is transported over the plasma membrane. This leader had been used previously to express secreted heterologous proteins [21] .
Both expression plasmids, called JV158 (adapted codons with β subunit leader peptide) and JV10PSA (with the PsA leader peptide), were transformed into Dictyostelium, as well as a MB12n control plasmid (see Materials and Methods for experimental details). After transformation, cells were plated for clonal dilution. Clonal transformants were then selected and grown further for analysis. hCG expression in Dictyostelium. The amount of single-chain hCG secreted by Dictyostelium was determined by a sandwich immunoassay. The results clearly show that immunological active single-chain hCG is produced from both expression constructs and not from the control plasmid. Moreover, the amount of single-chain hCG produced from JV158 (267 mU/ml) seems to be considerably higher than the amount produced from JV10PSA (4.9 mU/ml), suggesting that, in this case, the human β-hCG leader peptide is more effective than the Dictyostelium leader peptide from PsA. It has been shown previously that the authentic signal peptide of human pre-antithrombin III is functional in Dictyostelium [15] .
The kinetics of single-chain hCG production were studied for JV158-transformed cells. Different densities of transformed cells were seeded on plates in axenic media, grown to confluence and maintained for several days, without any medium change. An aliquot of medium was taken every 24 hours and analysed for the presence of single-chain hCG. The expression level reaches a maximum 4Ϫ5 days after cells reach confluence (data not shown). Since the cells start to detach from the plate at about 6Ϫ7 days after reaching confluence, medium was harvested at day 5 after reaching confluence.
Receptor binding and signal transduction of single-chain hCG from Dictyostelium. Although the presence of hCG was demonstrated in the medium by means of epitope detection, additional experiments were necessary to establish whether singlechain hCG produced in Dictyostelium is biologically active. Quantification of single-chain hCG from Dictyostelium was based on immunoreactivity.
The ability of single-chain hCG from Dictyostelium to bind to the human LH/CG receptor was determined by a competitive binding assay with heterodimer hCG. CHO cells expressing the human LH/CG receptor were simultaneously incubated with 125 IhCG and purified material from the cell-culture supernatant of Dictyostelium. Coincubation with varying concentrations of wild-type hCG, wild-type hLH or single-chain hCG displaced 125 I-hCG binding in a dose-dependent manner (Fig. 2) . The displacement curves indicate that the material produced by Dictyostelium is indeed able to bind to the human LH/CG receptor. The affinity for the receptor is comparable to the affinity of single-chain hCG produced by CHO cells, which has been shown to be considerably less effective in displacing 125 I-hCG binding than the heterodimer of hCG [1] . Thus, there seems to be no significant difference in binding capacity between singlechain hCG produced in Dictyostelium compared to that produced in CHO cells.
The bioactivity of single-chain hCG from Dictyostelium was analysed by examination of its ability to stimulate cAMP production in CHO cells expressing the human LH/CG receptor. The results demonstrate that the single-chain hCG produced by Dictyostelium is indeed able to activate the human LH/CG receptor, which results in the production of cAMP (Fig. 3) . Only a small difference in potency was observed between single-chain hCG produced in Dictyostelium compared to the material produced in CHO cells (half-maximally effective concentration approximately fivefold lower).
DISCUSSION
The results presented in this paper show that the simple amoeboid eukaryote Dictyostelium is able to produce a biologically active hCG mutant. To our knowledge, single-chain hCG is the most complex mammalian protein expressed in Dictyostelium so far. hCG contains 11 disulphide bonds which are sequentially formed during the folding process. Furthermore, there are indications that two of the six disulphide bonds of the β subunit are rearranged upon the folding process [25] . The crystal structure of hCG elucidates that both the A and the β subunits contain unusual cystine-knot structures, involving three disulphide bridges each [26] . In addition, single-chain hCG contains four Nlinked sugars that are essential for intracellular folding and transport, as well as for biological activity [4] . Since functional single-chain hCG can be produced by Dictyostelium,we conclude that this organism contains a large variety of chaperones and folding enzymes, which are able to perform all post-translational modifications necessary for biological activity of glycoprotein hormones.
Single-chain hCG produced in Dictyostelium displays a considerable level of signal-transducing capacity, however it is slightly less potent than the analog produced in CHO cells. This is most likely due to small differences in the glycosylation performed by Dictyostelium, which is not able to attach galactose, N-acetylgalactosamine or sialic acids to the oligosaccharide side chains [11] . It has been demonstrated that the sialic acid residues play a role in signal transduction of glycoprotein hormones [27] . In addition, quantification of the hormone is based on immunoreactivity, which may be somewhat different in the protein de-rived from Dictyostelium compared to that derived from CHO cells [28] .
In summary, the data presented here illustrate the utility of Dictyostelium to express highly complex mammalian glycoprotein hormones. Since this organism apparently contains a variety of proteins involved in assisted folding, it can be anticipated that Dictyostelium will also be able to produce other heterologous complex mammalian glycoproteins. In addition, our results show that extensive analysis of structure/function relationships in glycoprotein hormones using random mutagenesis and employing Dictyostelium as expression system is now feasible.
